Abstract--Due to their unique polarity, pore-size distribution, and high surface areas, pillared and delaminated clays are potentially useful materials for the adsorption of environmenlal toxicants. To determine their properties for adsorption of chlorinated phenols, alumina-pillared montmorillonite (APM), chromia-pillared montmorillonite (CPM), and alumina-delaminated Laponite (ADL) were reacted with aqueous pentachlorophenol (PCP) solutions in batch equilibrium experiments. An hydroxy-A1 Laponite (HAL) in which the Na + exchange ions were replaced by ions of the type AlI304(OH)(24+x)(H20)(I2 .)(7-• was included in the study. With ADL as the adsorbent, the extent of PCP adsorption increased with decreasing pH, and then became constant at pH _< pKa. Thus, the neutral phenol was preferred over the phenolate form. Binding of neutral PCP at pH 4.7 to all adsorbents never reached saturation values, and the loadings achieved were limited by the water solubility of the adsorbate. Among the pillared and delaminated clays investigated, ADL exhibited the largest capacity for physical adsorption of PCP at pH 4.7. Differences in the PCP binding capacities for APM, CPM, and ADL suggested that adsorption was dependent on the pore structure and surface composition of the modified clay adsorbent, not on surface area alone. HAL exhibited quantitative uptake of PCP at the 8 #mole/g level, indicating that a chemisorption mechanism may operate for PCP binding to this adsorbent. Adsorption of 3-chlorophenol, 3,5-dichlorophenol, and 3,4,5-trichlorophenol by ADL at pH 7.4 increased as the degree of hydrophobicity and chlorination of the phenol increased; hence, the binding capacity was not limited by the molecular size of the adsorbate. In contrast to the adsorption properties observed for pillared, delaminated, and hydroxy-interlayered clays, Na+-montmoriUonite and Na+-Laponite did not adsorb PCP from aqueous solution.
INTRODUCTION
Organic chemicals of anthropogenic origin in soils and ground waters are of increasing environmental concern. Inasmuch as clay minerals play an important role in the retention, transport, and chemical transformations of organic molecules in soils, there is considerable current interest in modeling clay-organic interactions (Chiou et al., 1979 (Chiou et al., , 1983 and in designing modified clays as adsorbents and catalysts for the treatment of contaminated waste streams (McBride et al., 1977; Mortland et al., 1986; .
As part of a program to design intercalated clays as selective heterogeneous catalysts, the adsorption and reactivity of organic pollutants on pillared and delaminated clay surfaces was investigated. The objective was to explore the possibility of utilizing these high surface area, microporous materials as recyclable adsorbents and low-temperature oxidation/combustion catalysts after impregnation with suitable metal crystallites. The initial studies on the impregnation and dispersion of metal particles in pillared clays have been reported elsewhere (Rightor and Pinnavaia, 1987) .
Phenolic compounds can be toxic to soil microorganisms at the parts-per-million level (Kuwahara et aL, 1970) . Indeed, several of the organic compounds Copyright 9 1988, The Clay Minerals Society classified by the U.S. Environmental Protection Agency as priority pollutants are phenols (Chapman et al., 1982) . The fate of phenols in the soil environment and their removal from aqueous waste streams is complicated by their low solubility, ability to ionize, low vapor pressure, and tendency to undergo oxidation and oxidative polymerization to humic and fulvic acid-type products (Thompson and Moll, 1973; Martin and Haider, 1971; Wang et al., 1978; Flaig et al., 1975; Stevenson, 1982) . The oxidation processes are facilitated by clays and other mineral surfaces containing redox active metal ions, such as Cu, Fe, and Mn (Larson and Hufnal, 1980; Sawhney, 1985; Fenn et al,, 1973; Shindo and Huang, 1985) .
The present work investigated the adsorption of chlorinated phenols from aqueous solution onto metaloxide pillared and delaminated smectites and onto their hydroxy-metal precursors. Phenols were selected because, as noted above, they represent one of the more challenging classes of pollutants to be removed from waste streams and ground waters (Boyd and Mikesell, 1988) . Although pillared and delaminated clays have received considerable attention as heterogeneous catalysts (Pinnavaia, 1983; Poncelet and Schultz, 1986; Occelli et al., 1985; Adams, 1987; Ballantine, 1986; Pinnavaia et al., 1984; Suib et al., 1986) , no studies 403 
MATERIALS AND METHODS

Preparation of clay adsorbents
Two types of smectite clays were utilized in these studies; a synthetic Laponite (Laporte, Ltd.) and a natural montmorillonite (Wyoming). The anhydrous unitcell formulae for Na+-Laponite and Na+-montmorillonite, respectively, were as follows:
Nao.36(Mgs.64Lio.36)SisO2o(OH)4 Nao.86(mlz.98Feo.41Mgo.s6)(SiT.ssmlo.~5)Ozo(OH)4
Hydroxy-A1 Laponite (HAL) was prepared by the addition of a 1% (w/w) aqueous Na+-Laponite suspension at a rate of 20 ml/min to a 0.23 M solution of aluminum chlorohydrate (AIz(OH)sC1, Reheis Chemical Company) in a ratio of 15 mmole A1 per meq of clay-bound Na § The clay product was allowed to age for 2 hr in the reaction mixture at room temperature. It was then centrifuged and washed repeatedly with deionized distilled water until a negative test for C1-was obtained using AgNO3, and was immediately freeze-dried. Alumina-delaminated Laponite (ADL) was obtained by dehydrating a portion of the freezedried HAL at 350~ under a stream of Ar.
An hydroxy-A1 montmorillonite was prepared in a manner analogous to that described above for HAL. The product was dried in air on glass. An aluminapillared montmorillonite (APM) was obtained by de- hydration of the air-dried hydroxy-A1 montmorillonite under Ar at 350~ Chromia-pillared montmorillonite (CPM) was synthesized by a method described by Landau (1984) . A 0.14 M Cr(NO3)3 solution was hydrolyzed by the addition of a 0.25 M Na2CO3 solution at the rate of 10 ml/min to achieve a final OH/Cr ratio of 2.0. The resulting solution was aged for 36 hr at 95~ and then was added drop-wise to a 1 wt. % Na+-montmorillonite suspension. The reaction mixture was allowed to age 1.5 hr. The product was collected by centrifugation, washed, air dried on glass, and dehydrated at 350~ under a stream of Ar. Table 1 summarizes the chemical compositions, textures, relevant physical properties, and adopted nomenclature of the various clays utilized in this study. Chlorophenols (99+%) were obtained from Sigma Chemical Company and used with no subsequent purification. The properties of these compounds are summarized in Table 2 .
Adsorbent and adsorbate properties
Adsorption isotherms using batch-equilibrium technique
Adsorption isotherms were obtained using a batchequilibrium technique. Solution concentrations were determined using a high-performance liquid chromatograph equipped with a 10 #m, Li-chrosorb, RP-18, 250-mm column and with a UV detector set at the appropriate wavelength. The amOunt ofadsorbate taken up by the clay was then determined by difference.
The time allowed for the attainment of equilibrium was 24 hr. Preliminary experiments on the uptake of mono-, di-, and trichlorophenols by ADL indicated that equilibrium was achieved within 10 hr at pH 7.4. Initial adsorption studies were carried out using 1.0 g of clay and 50-100 ml of adsorbate solution in the concentration range 38-100 gmole/liter. To conserve clay, however, subsequent experiments were carried out in duplicate using 100-mg samples and either 5 ml (pH 7.4) or 100 ml (pH 4.7) of adsorbate solutions ranging in concentration from 0 to 38 ~mole/liter.
Equilibrium pHs of 4.7 were achieved by the addition of 0.048 M HCI. 
RESULTS
Among the chlorinated phenols investigated in this work, pentachlorophenol (PCP) is the strongest BrSnsted acid (cf. Table 2 ). At pH 7.4, the phenol exists almost exclusively in the anionic form. To investigate the possibility of coulombic interactions being involved in the binding of PCP, the pH dependency of adsorption by ADL was investigated, The results are shown in Figure 1 . As the pH decreased, adsorption increased in a more or less linear fashion. At a pH equal to or lower than the PKa of PCP (~4.7), adsorption was constant. PCP binding to ADL at pH 4.7 (20 #mole/g, Figure 2 ) was also about 13 times as large as the amount bound at pH 7.4 (1.5 #mole/g, Figure 3 ) at the same equilibrium concentration (4.5 #mole/liter). Thus, the adsorption capacity was larger for the neutral phenol than for the phenolate form.
To assess the effect of clay surface texture on chlorinated phenol adsorption, the isotherm for PCP binding at pH 4.7 to ADL was compared with that obtained for APM. ADL differs from APM in the mode of platelet aggregation. In ADL the platelet size is limited to a few hundred Angstrom units, and edge-face aggregation competes with face-face aggregation in a cardhouse fashion (Pinnavaia et al., 1984) . In APM, however, the platelet size is large and aggregation is mainly face-face. The effect of surface composition and polarity was investigated by comparing PCP adsorption isotherms for APM, CPM, and HAL. The isotherms for these systems are shown in Figure 2 .
It is especially noteworthy that 8 #mole/g of PCP was bound to HAL at an equilibrium concentration of <0.01 M. This quantitative binding of PCP is suggestive ofa chemisorption mechanism. At higher equilibrium concentrations, the ADL is the better adsorbent. The APM and CPM clays exhibited substantially weaker PCP binding; nevertheless, PCP binding to these latter clays was far stronger than to Na+-montmorillonite and Na+-Laponite, which showed no tendency to adsorb PCP from aqueous solution over the concentration range studied. Figure 3 illustrates the uptake of 3-chlorophenol (3-CP), 3,5-dichlorophenol (3,5-DCP), and 3,4,5-trichlorophenol (3,4,5-TCP) by ADL at ambient temperature and pH 7.4. Two distinct features are evident from the uptake curves. First, the initial uptake was rapid, with more than 70% of the equilibrium loading being achieved in less than 2 hr reaction time. Second, the equilibrium loading increased as the extent of chlorination increased in the order 3-CP < 3,5-DCP < 3,4,5-TCP, i.e., the binding capacity was not limited by the size of the adsorbate molecule. PCP is a somewhat different type of adsorbate than the partially chlorinated phenols. It is very sparingly soluble in water, and, consequently, the range of concentration available for investigation is more limited. Significantly, the amount of time required to achieve equilibrium was much longer for PCP than for the partially chlorinated phenols.
DISCUSSION
In these experiments adsorbents were selected to allow the effects of (1) clay "texture" and (2) surfaceactive species on PCP adsorption to be examined systematically. The effect of texture was most evident in the results for the delaminated ADL and pillared APM systems. In both clays the surface-active alumina was formed by thermal dehydration (350~ of surfacebound hydroxy-Al cations. Previous studies have shown that hydroxy-A1 pillaring solutions contain mainly the H ~7 n~+ Keggin-like Al~30,(OH)24+x( 20)~2-~ -species (Pinnavaia et al., 1984) and that analogous AI~3 species are present on the surfaces of smectite clay following ion-exchange reactions (Plee et al., 1985; Tennekoon et al., 1986; Pinnavai a et al., 1985) . Reaction at 350~ converts the hydroxy-A1 cations to alumina aggregates containing A1 in tetrahedral and octahedral coordinations.
The chief difference between ADL and APM is the manner in which the silicate layers aggregate. In delaminated Laponite face-to-face aggregation is limited to only a few layers, and edge-to-face association competes favorably with face-to-face aggregation, giving rise to a card-house structure containing both microand macroporosity. On the other hand, in pillared clays the layers are stacked primarily face-to-face, and the pore volume is defined by the lateral separation of the metal oxide aggregates in the galleries. As can be seen from the adsorption isotherms presented in Figure 2 , ADL was more effective in adsorbing PCP from aqueous solution than was APM. Thus, delamination of the clay layers facilitated the adsorption process.
The nature of the surface-active species of the clay had an even more dramatic effect than texture on the ability to bind PCP from aqueous solution. The parent clays Na § and Na+-montmorillonite adsorbed no detectable amounts of PCP from aqueous solution at pH 4.7. The absence of PCP binding cannot be attributed to the lack of sufficient surface area. Na § Laponite and Na § have surface areas in the dry state of 269 and 75 m2/g, respectively (Table  2) : If these materials are dispersed in solution, the specific surface should be even larger because of swelling and layer delamination. The replacement of Na § on the surface of Laponite with Keggin-like hydroxy-Al cations dramatically enhanced PCP binding. In fact, as much as 8 ~tmole/g was adsorbed quantitatively on HAL: The conversion of HAL to ADL on calcination at 350~ increased the ability of the clay to adsorb PCP at higher concentration. For example, the binding capacities at an equilibrium concentration of 10 umole/ liter were 28 and 20 ~zmole/g, respectively, for ADL and HAL.
The differences in PCP adsorption by APM and CPM (cf. Figure 2) further underscores the importance of the surface-active species in determining the clay adsorption properties. The binding of PCP to alumina-containing APM was nearly twice as large as the binding observed for chromia-containing CPM. These differences in PCP binding ability cannot be due to differences in overall surface area or pore-size distributions. Chromia-piUared montmorillonite had a greater N2 BET surface area (433 m2/g) than APM (369 mVg). Also, CPM showed a somewhat higher binding capacity for molecules having large kinetic diameters, such as perflurotributylamine (cf. Table 1 ). In addition, the gallery height for CPM was 5.4/~ larger than that for APM. Thus, the composition and polarity of the clay surface played a major role in determining the binding capacity toward PCP.
The above dependencies of PCP adsorption on the texture of the clay adsorbent and the nature of the surface-active species provides insight into the binding mechanism. Clearly, the absence of any discernible adsorption on Na+-Laponite and Na+-montmorillonite precludes the possibility of physical adsorption on the basal and edge surfaces of the silicate layers. Apparently, competitive adsorption processes between water and PCP for the surfaces lay strongly in the direction of water; thus, the binding observed for the metal oxide-delaminated and -pillared clays can be attributed to interactions between the PCP molecule and the immobilized metal oxide species. The quantitative binding of PCP to HAL at the 8 ~mole/g level suggests that the hydroxy-A1 cations may have provided chemisorption sites for the PCP molecule.
The magnitude of PCP binding to metal oxide-delaminated and -pillared clays is also compatible with our suggested binding mechanism. As is indicated by the data in Table 1 , the adsorbents used in the present investigation had pore volumes capable of accommodating between 200 and 900 ~tmole perflurotributylamine/g clay by vapor-phase adsorption. In contrast, the maximum amount of PCP adsorption observed in the present work was only 28 ~zmole/g for ADL (cf. Figure 2) . The order of magnitude difference in pore filling is compatible with the interaction of PCP with the dispersed surface-oxide aggregates and not with the layer silicate basal planes or edge surfaces. The greater adsorption capacity observed for ADL relative to APM may have arisen because of greater dispersion and availability of the oxide aggregates in the clay having the delaminated texture.
It should also be emphasized that the binding capacity toward chlorinated phenols was dependent on the precise nature of the phenol. The uptake curves for 3-CP, 3,5-DCP, and 3,4,5-TCP at pH 7.4 illustrate this dependence (cf. Figure 3) . For example, at pH 7.4 essentially all of the 3-CP was in the form of neutral molecules, and the adsorption to ADL at an equilibrium concentration of 62.5 ~mole/liter was only 2.0 #mole/g. In contrast, the same level of PCP binding occurred at an equilibrium concentration of <4.5 #mole/liter (cf. Figure 3) . The affinities of 3,5-DCP and 3,4,5-TCP for ADL were somewhat greater, but not nearly as high as for PCP at pH 4.7 (cf. Figure 2) .
Previous studies of phenol adsorption on smectite clays have indicated that oxidative polymerization to humic acid-like materials can occur (Thompson and Moll, 1973; Martin and Haider, 1971; Wang et al., 1978; Flaig et al., 1975; Stevenson, 1982) . The oxidation process is facilitated by the presence of certain transition metal ions, such as Mn, Fe, and Cu (Larson and Hufnal, 1980; Sawhney, 1985; Fenn et aL, 1973; Shindo and Huang, 1985) . Oxidation can also occur in the absence of transition metal ions on the exchange sites, but these reactions require the absence of liquid water. In fact, polymerization has been reported only for systems in which the phenolic compounds had been adsorbed onto the clay surfaces directly from the vapor phase or from the organic solution. No indication of oxidative polymerization was found here, in agreement with these earlier findings. Attempts to observe the infrared spectrum of PCP on delaminated Laponite, however, were unsuccessful because of the low surface concentration of adsorbate.
The adsorption of phenols to metal oxide-delaminated and -pillared clays and to hydroxy-interlayered Al~304(OH)24+x(H20),2 x(7-x)+-Laponite, may have been similar to the binding of phenols to bulk alumina phases. For example, "r-alumina below the isoelectric point (9.0 in 10 -3 M NaC104, Bowers and Huang, 1985) binds organic molecules by ligand-exchange reactions (Kummert and Stumm, 1980) , protonation reactions, and hydrogen-bonding mechanisms (Bowers and Huang, 1985) . Anion exchange likely played no role in the binding of PCP to ADL and APM because the adsorption capacities decreased on these two adsorbents as the phenolate concentration increased with increasing pH (cf. Figure 1) . Anion exchange, however, may have been important as a mechanism responsible for the quantitative chemisorption of PCP by HAL Al1304(OH)24+x(H20)12_x (7-x)+-LapOnite (cf. Figure 2 ). Finally, with respect to the binding capacities of our delaminated pillared and hydroxy-interlayered clays relative to other adsorbents, recently reported that organo-clays can adsorb in excess of 120 gmole PCP/g. In general, larger adsorption capacities toward organic toxicant molecules can be expected for hydrophobic adsorbents, such as organo-clays and activated carbons. Indeed, activated carbons are the adsorbents of choice for most current processes for removing organics from ground waters. The carbon is then regenerated by desorption and the desorbed toxicant is combusted at high temperatures. Nevertheless, some activated carbon is lost through oxidation in the desorption process. For this reason, the development of microporous ceramic adsorbents, such as metal oxide-delaminated and -pillared clays should be continued. Clays modified by metal oxides may withstand oxidizing conditions, particularly if noble metals such as Pt are present on the surface to assist in the oxidation process. In general, most existing microporous metal oxides are too polar and too hydrophilic to adsorb substantial amounts of organic toxicants from aqueous environments. These preliminary results are encouraging because they provide an indication that the dispersed metal oxide aggregates in pillared and delaminated clays are capable of binding an organic toxicant, which is otherwise extremely difficult to remove from aqueous waste streams.
Future studies will focus on further modification and design of metal oxide-delaminated and -pillared clays for the adsorption of organic toxicants from aqueous solutions. Such materials should also function as supports for noble metal dispersions for use as combustion catalysts. The properties of delaminated and pillared clays as combustion catalysts will be reported in the near future.
